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Abstract 
The risk minimization of carbon dioxide (CO2) storage relies to some extent on well integrity assurance. While chemical 
reactions between the constitutive materials of the wellbore – such as cement – and stored CO2 do not jeopardize the efficiency of 
a defect-free cement sheath, the reactive flow through an existing pathway in a cemented annulus may alter its initial properties, 
and thus change the associated risk. On one hand, the cement will react with the CO2 rich fluid, and be leached away by the 
leaking flow. On another hand, under specific conditions, the released minerals can re-precipitate downstream and clog the 
pathway.  
The evolution of a CO2 leak through a pre-existing leak path in the cement sheath is examined theoretically and numerically. A 
numerical model of the flow has been built, that takes into account the particular physics and geometry of the problem. The 
governing equations are investigated in order to identify the driving mechanisms and define the dimensionless groups that rule 
the process, leading to a reduction in the dimension of the parameters space. We use this analysis to predict the domain of 
stability of the defect by extracting a general criterion corresponding to the clogging conditions. 
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1. Introduction 
As man-made objects drilled through geological layers, wells are identified as weak points of carbon dioxide 
(CO2) storage containment. For this reason, the risk associated with wellbore integrity failure has to be properly 
assessed. It is widely accepted that a defect-free cement sheath provides a reliable barrier that prevents vertical 
migration or leak of the stored CO2 [1]. However, significant leakage can occur if a pathway opens in the cement 
seal. The leaking fluid, charged with CO2, may react with the materials of the wellbore: formation, cement, and steel 
casing.  
For example, immersing a core of cement in CO2 rich fluid will drastically affect its mechanical properties up to 
a complete loss of its integrity. As a result, these reactions are usually seen as a strong degradation factor when 
applied to well integrity. And indeed, under most conditions, the cement of the sheath will be leached away under 
the flow of CO2-rich fluid, opening the existing pathway further. But when integrated to the dynamics of leakage, 
this chemical phenomenon can have the opposite effect: the products of the reaction are released in the flow, and 
can, under specific conditions, re-precipitate downstream. The precipitated minerals may plug the pathway and stop 
the leak. This is the phenomenon we are investigating. 
After explaining the different occurrences of a defect in a cement sheath, we detail this original mechanism of 
opening and clogging of the leak path, qualitatively and using numerical results. Then present a dimensional 
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analysis of the governing equations in order to identify the driving mechanisms. This defines the dimensionless 
groups that govern the process, leading to a reduction in the dimension of the parameters space. We use this analysis 
to represent the domain of stability of the leakage pathway in the cemented annulus.  
2. Life of a pathway 
Origin: A pathway is defined as a route of less hydraulic resistance 
in the well-bore environment that links a pressure source to a 
pressure sink. It may be the combination over the well depth of 
several types of defects (see Figure 1) that ensure (i) vertical 
connectivity, such as inner and outer micro-annulus (debonding 
cement/casing or cement/formation interface), radial cracks or 
channels; (ii) horizontal connectivity, such as disking cracks.  
Well integrity failure may originate directly from cement 
placement and setting. A poor cement job and improper 
centralization for example may leave mud channels in the cement 
sheath, allowing a preferential leakage path in the seal. Besides, 
even if the cement slurry has been properly placed, the reaction of 
cement hydration leads to material shrinkage that can be sufficient 
to open a defect in the sheath (micro-annulus or disking crack). 
Finally, typical operation inherent in the life of the well, such as temperature or pressure cycling, may create and 
promote the propagation of cracks and micro-annulus[2],[3]. 
Evolution: Once the defect is created, its resistivity to the flow can evolve in several ways, which can be broadly 
separate in (a) mechanical effects and (b) chemical effects.  
(a) The mechanical phenomenon that led to its formation can also alter its dimensions: for example, due to 
difference in thermal expansion between steel casing and cement, injection of a cool fluid may enhance the width of 
an inner micro-annulus. In addition, due to elasticity of the mechanical system surrounding the defect, a pressure 
increase within the defect space will also increase its width.  
(b) Two types of chemical effect may affect the severity of the 
leakage to the pathway of interest. First, after cement hydration, 
precipitation of minerals within the cement matrix may expand the 
cement [4]: these minerals can come from specific additives (expanding 
agent) or be the product of secondary reaction between cement and its 
environment (calcite). Second, if the leaking fluid reacts with the walls 
of the defect, it will affect the hydraulic resistance of the pathway 
[5],[6]. The walls undergo a leaching process: rapidly, the overall 
mechanical properties (elasticity, strength) of the system change, 
enhancing its opening under pressure and possibly enabling erosion. In 
the long term, it may lead to a permanent larger opening. The products 
of the reaction may also precipitate in the defect space and narrow the 
effective gap.  
 Let’s now focus on the reaction between Portland cement and 
leaking CO2. During the last five years, experimental [7-9] and 
numerical [10],[11] works showed that due to reaction-transport 
phenomenon within the cement matrix, the reacted cement evolves with a layer structure: unreacted cement, 
Portlandite dissolution, calcite precipitation, silica gel (see Figure 2). Integrated over the Portlandite dissolution 
layer, which is usually thin enough to be understood as a “reaction front”, calcium of the cement mineralizes in the 
calcite form: for example, Portlandite reacts with CO2 to give calcite: 
2 2 3 2( )Ca OH CO CaCO H O  
The reaction taking place at the calcite dissolution front, between the calcite layer and the silica gel layer, writes: 
Figure 1: Main fracture layouts observed in cement 
sheaths 
Figure 2: Layers structure of the cement in 
contact with CO2 rich fluid 
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 As long as the layers are growing, the overall balance of reactions between CO2 and cement would be absorption 
of dissolved CO2 (as the calcium layer grows) and release of calcium ions (as the silica gel layer grows). Then, when 
immersing a Portland cement core in a close volume of CO2-rich brine, its CO2 concentration decreases and its Ca
2+
 
concentration increases. Furthermore, the phenomenon being diffusion limited, the growth of layers iL  (index i 
referring to calcite layer or silica gel layer) will follow a law in square root of time for fixed boundary 
concentrations. Consequently, the flux xJ of species from cement to flowing brine (x referring to calcium or CO2) is 
proportional to the inverse square root of time. 
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When the flow direction – the second dimension – is considered, the calcium that is released can re-precipitate 
downstream as calcite mineral CaCO3 (see Figure 3-a). Indeed, calcite solubility increases with the concentration of 
dissolved CO2.  As the CO2 rich brine flows next to the cement and reacts with it, its concentration of CO2 decreases 
and its concentration of Ca
2+
 increases, until it reaches the line of equilibrium of calcite mineral (point λ in the 
Figure 3). From this point, calcite precipitates in the defect space. Given that calcite is in equilibrium with the 
surrounding brine, it is no more dissolved. The calcium isn’t released anymore while the CO2 keeps on reacting with 
the cement. The concentrations of species in the flow decrease, following the line of equilibrium, until it disappears 
(point δ in Figure 3). Assuming as stated before that the layer lengths evolve as the square root of time, a rough 
mass conservation over their volumes indicates that the position of these two points λ and δ evolves also as a square 
root of time. 1/2, ~ t  
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(b) Evolution of the aqueous  concentrations and cement  sheath composition with depth
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Figure 3: evolution of the CO2 rich brine as it flows next to the cement (a) in the space of chemical component concentration 
 and (b) along the depth of the defect 
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To sum up, the conjunction of reaction and flow affects differently the width of the pathway with time and depth: 
on one hand, upstream leaching leads to an effective opening of the pathway, increasing the severity of the leakage. 
On another hand, downstream calcite precipitation decreases the width of the pathway and thus increases its 
resistance to the leaking flow.  
The total clogging of the pathway occurs when the width of the calcite precipitation zone reaches the width of the 
defect. This is achieved if the speed of growth of the calcite deposition is higher than its progress in depth. If this is 
not the case, (i.e., if λ reaches Λ) the total length of the leakage path before the width of the calcite deposition zone 
ws reaches the width of the defect wo, the cement will keep on reacting with the leaking CO2 until it is fully leached, 
remaining as silica gel. 
We show the simulation results to quantitatively assess the described phenomenon.  
3. Simulation results 
We want to model the evolution of an existing defect within the cement sheath under a flow of CO2 rich brine. A 
numerical model has been built that takes into account the particular physics of the problem.  
 
 Micro-annulus geometry is taken as the reference. It is assumed uniform over the azimuth of the 
wellbore, and thin enough to consider the lubrication approximation (Small Reynolds number and high 
aspect ratio, see [12]). The velocity of the leaking fluid is then integrated over the width of the micro-
annulus and the problem becomes one-dimensional.  
 The Péclet number of the flow, comparing the convective and diffusive transport mechanisms, is much 
larger than 1.  
 Given the characteristic length scales of the defect, the temperature is fixed by the wellbore 
environment.  
 The relationship between opening and pressure is calculated under the assumption of 2D plain strain 
elasticity. 
 The chemical components for the system are limited to CO2, Ca
2+
, H
+
 and H2O. The considered species 
are then products of all reactions between them [13]. 
 All the chemical compositions are calculated at equilibrium. 
 The fluxes of chemical components from cement to brine, due to a chemical reaction between dissolved 
CO2 and cement, are calculated with a front tracking algorithm [14], based on the analysis of the rate-
limiting step reaction, integrating the mass balance over reacted cement layers and assuming that the 
only transport mechanism is diffusion [15],[16].  
 Given the high aspect ratio of the well sheath (depth >> width) the chemical reaction and the flow are 
spatially decoupled. The problem becomes “1+1”D. One dimension for the flow and one for the 
chemical reaction CO2/cement. 
 
The chemical components conservation equations as well as the overall mole balance equation are solved with 
the pressure P and the mole fraction kZ  of the chemical component k (k referring to CO2, Ca2+ or H+)  
 Mole balance: 
 
0 0f f s f
k
s f
k
fw S S Jw S vt s
  
 Component k conservation: 
 
0 0
k
tot s
k k
f f s f f f fw Z S S w Z S v Jt s
  
with t the time,  s the abscise of the well (s > 0 above the bottom hole ), 
0w the width of the defect, S the phase mole 
fraction, the molar density, vf  the fluid velocity, subscript f referring to the fluid phase and subscript s to the solid 
phase ; and the following dependencies: 
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The simulator is built on finite volume scheme, using a fixed point iteration fully implicit algorithm. 
Figure  4 illustrates that the built simulator reproduces the opening/clogging phenomenon described above. It also 
confirms that the evolution of the calcite precipitation zone is proportional the square root of time. The conditions of 
total clogging are now being investigate in order to predict the long term risk of a pathway in given conditions. 
 
 
 
 
 
 
 
4. Dimensional analysis  
We now focus on the conditions needed to obtain a total clogging of a pathway. In order to predict the ability of an 
existing defect to heal itself under a given reactive flow, the response to the system could be expressed in the space 
of physical parameters. Unfortunately, even if the compressibility and elasticity are negligible, the system depends 
on twelve parameters. A dimensional analysis reduces this number of relevant parameters to 3 dimensionless groups 
and 2 dimensional values: 
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Figure  4. Simulation results: evolution of the calcite precipitation zone within the micro-annulus space as a function 
of time and depth (downhole concentration of CO2: 0.5M). w
sol
 = width of the calcite deposite layer, z = position in depth 
of the points λ and δ.  
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with D the effective diffusion coefficient in the reacted cement, cs the calcium concentration in the cement, 
subscript SG referring to silica gel layer and subscript calcite referring to the calcite layer. 
For a given injection well, the density, the cement properties and the downhole brine calcium content at set. Then 
the only two parameters that can be tuned by the injection conditions are G  and 2
0
COm . A semi-analytical 
simplified approach allows calculating the limit between the two behaviours: for a given downhole CO2 
concentration, if stabG G , the calcite deposition will not grow fast enough: it will be dissolved away and the 
entire cement sheath will slowly be degraded as silica gel. In another hand, if the dimensionless group stabG G , 
the calcite deposition will clog the defect and stop the leaking flow. 
In Figure 5, we report results of numerical experiments in this space of parameters { ,20
COm G }. As expected, a 
clear partition appears between the two behaviours, corresponding to an increase of the severity of the leakage with 
time (red) and a complete stoppage of the leak rate (green). To emphasize the high dependency of the key parameter 
G  on the width of the defect ( 4~G w ), the two circle points show, that for similar conditions and an increase in 
the width of the defect of 25%, which is more or less within the measurement precision, the predicted behaviour will 
jump from desirable to not acceptable.   
 
 
 
 
 
 
In Figure 6 , we analyse the predicted time t needed to achieve a total clogging. 
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Figure 5: Stability of a pathway: numerical results. The final state of the pathway is represented by its colour: red if the 
cement is going to be fully leached away, green if the clogging occur and stop the degradation mechanism. The circles 
are to illustrate the extreme sensibility of the criterion to the width of the defect.  
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Following the dimensional analysis, the dimensionless time depends on the concentration of dissolved CO2 m
CO2 
only. The characteristic time being a function of mCO2 and other parameters of the problem, the dimensional time – 
the real time – also depends on the square of the initial width of the micro-annulus w0, among other. It is to be 
noticed that the healing process may take a decade to complete.  
 
 
Figure 6: Clogging time: (a) the dimensionless time is a function of the concentration of dissolved CO2 
mCO2 only. (b) The dimensional time depend on mCO2 and on the width of the micro-annulus w0 .  
 
5. Conclusion 
We have presented a key mechanism of self-healing of the defect in the cement sheath: the downstream 
precipitation of minerals that have been dissolved upstream. This is made possible by the conjunction of the 
following:  
 The reaction between cement and CO2: release of calcium and absorption of CO2. 
 The calcite equilibrium: the calcite precipitation occurs when the concentration of calcium ion increases 
and concentration of CO2 decreases.  
 The mass balance equation, encompassing the composition of the leaking fluid over the entire depth of the 
defect. 
We have numerically modelled the problem to reproduce these phenomena, and analysed the governing equations 
in order to extract a general stability criterion of a given pathway under given conditions. It can be noticed first that 
the behaviour of the system is highly dependent on the effective width of the defect. The data on this particular 
value is sparse and quite uncertain, which may jeopardize the validity of the prediction. Second, the characteristic 
time of the healing process may be prohibitive, depending on the initial parameter of the system. Finally, there is, 
strictly speaking, no stability over time for a leak path in a cemented annulus. As soon as it appears, the pathway 
will either be enlarged or clogged by the reactive leak, but never remain with the same resistance to the flow. 
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